Identifying the molecules that regulate both the recycling of synaptic vesicles and the SNARE components required for fusion is critical for elucidating the molecular mechanisms underlying synaptic plasticity. SNAP-29 was initially isolated as a syntaxin-binding and ubiquitously expressed protein. Previous studies have suggested that SNAP-29 inhibits SNARE complex disassembly, thereby reducing synaptic transmission in cultured superior cervical ganglion neurons in an activitydependent manner. However, the role of SNAP-29 in regulating synaptic vesicle recycling and short-term plasticity in the central nervous system remains unclear. In the present study, we examined the effect of SNAP-29 on synaptic transmission in cultured hippocampal neurons by dual patch clamp whole-cell recording, FM dye imaging, and immunocytochemistry. Our results demonstrated that exogenous expression of SNAP-29 in presynaptic neurons significantly decreased the efficiency of synaptic transmission after repetitive firing within a few minutes under low and moderate frequency stimulations (0.1 and 1 Hz). In contrast, SNAP-29 did not affect the density of synapses and basal synaptic transmission. Whereas neurotransmitter release was unaffected during intensive stimulation, recovery after synaptic depression was impaired by SNAP-29. Furthermore, knockdown of SNAP-29 expression in neurons by small interfering RNA increased the efficiency of synaptic transmission during repetitive firing. These findings suggest that SNAP-29 acts as a negative modulator for neurotransmitter release, probably by slowing recycling of the SNARE-based fusion machinery and synaptic vesicle turnover.
Synaptic vesicle cycling, the process of exocytosis, membrane retrieval, and formation and recruitment of new vesicles at the release site, is extremely important in maintaining effective transmission during sustained synaptic activity. Repetitive action potential activity in the presynaptic neuron causes changes in the strength of the postsynaptic response in a timeand activity-dependent manner; this can lead to facilitation, depression, or a mixture of both forms of short-term plasticity (1) . Synaptic strength depends on both the size of the readily releasable pool of synaptic vesicles and the release probability of individual vesicles following an action potential. In addition to the readily releasable pool, there is a large reserve pool of vesicles that have a lower release probability and are not thought to be primed for immediate release (2) . In cultured mammalian central nervous system synapses, only a small number of readily releasable vesicles that are refilled via the fast endocytic pathway are reused during rapid stimulation ("tetanic rundown") (3, 4) . This recycling pool is a small fraction of the total and exchanges slowly with the reserve pool at low and moderate frequencies of stimulation. Synaptic vesicle replenishment is essential for ongoing synaptic transmission. Under repetitive release conditions such as high frequency stimulation, vesicles in the reserve pool are rapidly recruited to the release sites for continued transmitter release.
The maintenance of efficient neurotransmitter release depends upon the interaction of numerous protein complexes that determine the life cycle of synaptic vesicles and the recycling of the SNARE-based release machinery (5-7). The synaptic vesicle-associated protein synaptobrevin (VAMP) 1 interacts with two membrane proteins, SNAP-25 and syntaxin, to form a stable SNARE complex, bringing the synaptic vesicle and plasma membranes into close apposition (8 -13) . During an action potential, calcium enters the presynaptic terminal and triggers synaptic vesicle fusion by activating a calcium sensor. Synaptotagmins, integral Ca 2ϩ -binding proteins of the synaptic vesicle membrane, provide Ca 2ϩ -dependent regulation of the fusion machinery (14, 15) . The SNARE complex converts from a trans-to a cis-state, resulting in complete fusion of the two membranes and the release of neurotransmitter. The stable cis-SNARE core complex is subsequently dissociated by the action of ␣-SNAP and the ATPase N-ethylmaleimide-sensitive factor (16 -21) . The majority of SNAP-25 and syntaxin molecules remain associated with the plasma membrane, whereas VAMP recycles with internalized vesicles, allowing the individ-* This work was supported in part by the intramural research program of NINDS National Institutes of Health (Z.-H. S.) and Major State Basic Research Program of China Grant G200077800 and National Natural Science Foundation of China Grant 30321002 (to S. D.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ual SNARE components to take part in another round of membrane fusion. Efficient SNARE complex formation and dissociation are particularly important in neurons, which experience high frequency action potentials (22) (23) (24) . Despite the simplicity of these individual protein interactions, exocytosis is a complex event. It is characterized by a fast response with a very short delay between excitation and secretion and by limited release of a small percentage of docked vesicles upon Ca 2ϩ influx. Considerable evidence indicates that mechanisms that modulate presynaptic activity, specifically those that change release probability and vesicle recycling kinetics, play a role in synaptic heterogeneity (25) (26) (27) (28) . These properties suggest that the assembly and disassembly of the SNARE complex are precisely and tightly regulated, necessitating the existence of cellular signals capable of regulating the release machinery and its recycling after fusion.
SNAP-29 has recently been reported as a candidate molecule regulating the disassembly of the SNARE complex (29) . SNAP-29 was initially isolated by yeast two-hybrid selection using syntaxin-3 as the bait and was localized predominantly to the intracellular membrane structures in transiently transfected normal rat kidney cells (30) . Due to its intracellular membrane association in non-neuronal cells and its interactions with most members of the syntaxin family, SNAP-29 has been proposed to be a ubiquitous cytoplasmic SNARE protein involved in general membrane trafficking (31) . Our previous studies demonstrated that SNAP-29 is present at synapses and regulates recycling of the SNARE complexes by competing with ␣-SNAP for binding to the SNAREs and consequently inhibiting disassembly of the SNARE complex in vitro. Introduction of SNAP-29 into presynaptic superior cervical ganglion neurons (SCGNs) in culture significantly reduces neurotransmitter release in an activity-dependent manner. Furthermore, the activity-dependent inhibition by SNAP-29 could be reversed by co-injection of ␣-SNAP, consistent with our in vitro observation that SNAP-29 and ␣-SNAP compete for the binding to the SNARE complex (29) . However, the function of SNAP-29 in synaptic transmission and short-term plasticity in the central nervous system has not yet been examined. In the present study, we overexpressed SNAP-29-EGFP or knocked-down endogenous SNAP-29 expression in cultured rat hippocampal neurons, and we examined the functional role for SNAP-29 in synaptic vesicle turnover, using an approach that combines dual patch clamp whole-cell recording, FM dye imaging, and immunocytochemical assays. Our findings suggest a novel inhibitory role for SNAP-29 in synaptic vesicle recycling.
MATERIALS AND METHODS

Construction of SNAP-29-EGFP
Construct-Human SNAP-29 cDNA was amplified by PCR using the forward primer 5Ј-GATTCTGCAGT-CATGTCAGCTTACCCTAAAAGC-3Ј (PstI) and the reverse primer 5Ј-CGGTGGATCCGAGTTGTCGAACTTTTCTTTC-3Ј (BamHI). The construct was then subcloned into the vector pEGFP-N3 (Clontech), and the sequence was confirmed.
Hippocampal Cell Culture and Electrophysiology-Primary hippocampal neuron mixed cultures were prepared from embryonic Sprague-Dawley rat (age, embryonic day 17-18), according to the procedures described previously (32) . Cultures were transfected at DIV 6 -8 with SNAP-29-EGFP or EGFP control vector using Lipofectamine2000 (Invitrogen) according to the modified version of published protocols (33) . All electrophysiological recordings were performed 12-36 h after transfection. Dual patch clamp recordings were performed with whole-cell configuration at room temperature. Postsynaptic currents and potentials were acquired and measured using an EPC9 patch clamp amplifier driven by PatchMaster software, version 1 Immunocytochemistry-24 -48 h after transfection, the hippocampal cultures were fixed with 4% paraformaldehyde (diluted in 0.1 mM PBS) for 10 min at room temperature, permeabilized with 0.2% Triton X-100 for 10 min, and then washed three times with 0.01 mM PBS. The neurons were then pre-incubated with 10% bovine serum albumin (diluted in 0.1 mM PBS) for 1 h at room temperature to block nonspecific binding with the primary antibody. Monoclonal antibody for synaptophysin (Chemicon) was diluted (in 0.1 mM PBS) to 1:1000 and applied to the culture plate. After incubation at 4°C overnight, the neurons were washed again with PBS and incubated in the dark for 1 h with secondary antibody, CY3-labeled goat anti-mouse IgG (1:600; Jackson ImmunoResearch). Neurons were washed with PBS, mounted with anti-fade mounting medium, and imaged.
Small Interfering RNA Preparation and Transfection-To design a target-specific siRNA duplex, five sequences unique to SNAP-29 were selected from the open reading frame of the rat SNAP-29 sequence and subcloned into pRNAT-H1.1/neo (GenScript), an siRNA expression vector containing a cGFP gene under a separate promoter for tracking transfected neurons. Transfection of siRNA was carried out using Lipofectamine 2000. Following transfection, cells were cultured for an additional 96 h before immunocytochemistry and electrophysiological recordings. For studies in COS-7 cells, the SNAP-29-EGFP construct was co-transfected into COS-7 cells with either the siRNA expression constructs or vector backbone alone. The effect of siRNA on the expression of heterologous SNAP-29-EGFP in COS-7 cells was assessed by immunoblot with lysates (10 g of total proteins) from the cells harvested 4 days after transfection. Sequential blots with anti-GFP and ␤-tubulin antibodies from the same membrane tracked the transfection efficiency and assured equal protein loading in each gel lane.
RESULTS
SNAP-29 Inhibits the Efficacy of Synaptic Transmission under
Repetitive Stimulation at 0.1 Hz-To evaluate the effect of SNAP-29 on synaptic transmission, we first examined the distribution of SNAP-29-EGFP in cultured rat hippocampal neurons. Whereas SNAP-29-EGFP demonstrated a diffuse pattern of green fluorescence in both soma and dendrites, it expressed as a punctate pattern along the axonal processes and co-local-ized with the synaptic vesicle marker synaptophysin at synapses ( Fig. 1) . The distribution profile of SNAP-29-EGFP is similar to that of endogenous SNAP-29 in cultured hippocampal neurons (29) , indicating that exogenously expressed SNAP-29-EGFP, like the endogenous protein, is targeted to and localized at synapses.
We performed whole-cell dual patch clamp studies only on selected pairs of neurons formed between SNAP-29-EGFPtransfected neurons, which show EGFP signal within the cell body and long axonal processes, and untransfected neurons, which lack EGFP signal ( Fig. 2A) . Synaptic connections between the selected two neurons were further confirmed by electrophysiological tests. Presynaptic neurons transfected with SNAP-29-EGFP were repetitively stimulated for 15 min at 0.1 Hz. For all synapses tested (n ϭ 9), amplitudes of the PSCs remained steady during the first 80 s (normalized mean PSC, 87 Ϯ 3.7%, mean Ϯ S.E.) and then decreased suddenly to about 60% of the initial amplitude. This low level was maintained throughout the period of recording (15 min) (Fig. 2 , B and C). As a control, synapses formed by untransfected or EGFP vector-transfected neurons showed no significant reduction in the efficacy of transmission during the 15-min recording under stimulation at 0.1 Hz (Fig. 2 , B and C), suggesting that any effect on synaptic transmission by the transfection procedure is unlikely. The reduced normalized mean PSC measured from the synapses of the SNAP-29-EGFP group (62 Ϯ 4.3%) was significantly smaller than that of the EGFP group (94 Ϯ 4.1%) and untransfected group (108 Ϯ 10.0%) (p Ͻ 0.01, Wilcoxon rank-sum test, SAS version 8.0) during the stimulation period from 120 to 240 s and remained significant until the end of the 15-min recording (Fig. 2D) . To assess the possibility that SNAP-29 inhibited basal synaptic transmission, we averaged postsynaptic currents recorded from 16 pairs of neurons transfected with SNAP-29-EGFP and 12 pairs of neurons transfected with EGFP vector at the same developmental age (Fig.  2E ). There was no significant difference in PSC amplitudes (p Ͼ 0.05, Wilcoxon rank-sum test) (Fig. 2F) , suggesting that overexpression of SNAP-29-EGFP in neurons does not affect the function of the basic release machinery.
We next determined the density of release sites along axonal processes by means of FM dye staining. Presynaptic terminals were visualized with confocal microscope in axons, which can be identified easily in low density cultures after low efficiency transfection with EGFP constructs (Fig. 1 ). All functional presynaptic terminals were loaded with the membrane-bound styryl dye FM4-64 under stimulation with 90 mM KCl. The FM4-64-loaded release sites were counted only if the FM4-64 puncta could be unloaded by another application of high KCl solution (Fig. 3A) and co-localized with EGFP fluorescence along the axons of transfected neurons (Fig. 3B) . The density of the FM dye-loaded synapses was expressed as the number of release sites per micrometer of axonal process. A total of 7175-m length of axons was counted from 17 neurons expressing SNAP-29-EGFP and a total of 9821-m length of axons was counted from 17 neurons transfected with EGFP. Analysis by Wilcoxon rank-sum test showed that the density of FM dyeloaded release sites in neurons expressing SNAP-29-EGFP (0.12 Ϯ 0.018/m) is not significantly different from that in neurons transfected with EGFP (0.11 Ϯ 0.019/m; p Ͼ 0.05, Fig. 3C ). To exclude any possibility that SNAP-29 affects the structural maintenance of synapses, we further determined the density of synapses by immunocytochemical staining of the synaptic vesicle marker synaptophysin after transfection (Fig.  3D) . A total of 10 neurons transfected with SNAP-29-EGFP and 13 neurons transfected with EGFP were counted (Fig. 3E) . Our statistical analysis indicates that expression of SNAP-29-EGFP has no significant effect on the density of either FM dye-loaded or synaptophysin-positive synapses along axons.
Overexpression of SNAP-29 in Neurons Impairs Synaptic Vesicle Turnover-One possible explanation for the effects of SNAP-29 on synaptic transmission observed (Fig. 2D) is interference with the recycling of synaptic vesicles by SNAP-29 (34) . We tested this possibility by delivering a set of stimulations to the transfected presynaptic neuron. A 20-Hz train of 80-mV, 2-ms stimuli was given for 500 ms, followed by a test stimuli (80 mV, 2 ms) after various intervals, to allow for vesicle retrieval (Fig. 4A) . Postsynaptic currents were rapidly depressed under the train of high frequency stimulation. Recovery ability is expressed as the "recovery ratio" or the ratio of the PSC induced by the test stimulus to the PSC induced by the first stimulus of the 20-Hz train (Fig. 4, B and C) . This provides an index for the efficiency of vesicle pool turnover. In the case of 5-s interval, both untransfected and EGFP-transfected synapses showed a complete recovery (99 Ϯ 2.2% (n ϭ 8) and 104 Ϯ 3.4% (n ϭ 7), respectively), whereas the recovery ratio for the SNAP-29-EGFP group was significantly lower (89 Ϯ 1.3% (n ϭ 9); p Ͻ 0.01). For all time intervals (0.5, 1, and 3 s, p Ͻ 0.05; 5 s, p Ͻ 0.01) tested for recovery, neurons transfected with SNAP-29-EGFP exhibited significantly impaired ability, as compared with the EGFP group, to retrieve synaptic vesicles after depletion (Fig. 4C) . However, given an extended time interval to 8 s, an almost complete recovery was observed in neurons transfected with SNAP-29-EGFP (98 Ϯ 7.7%, n ϭ 12), suggesting that the inhibitory role of overexpressed SNAP-29 in synaptic transmission could be fully rescued when recycling synaptic vesicles become available for future rounds of priming and fusion.
The Effect of Overexpressed SNAP-29 Varies with Different Frequencies of Synaptic Activity-Previous studies on synapses formed between cultured SCGNs indicated that microinjection of SNAP-29 inhibited synaptic transmission in an activity-dependent manner, whereas the inhibition caused by SNAP-25 peptides was activity-independent (29) . These results suggest that SNAP-29 has a role in modulating the recycling of synaptic vesicles or SNARE release machinery, rather than as a competitor with SNAP-25 for SNARE complex assembly. To address whether the effect of SNAP-29 on synaptic transmission in cultured hippocampal neurons is similarly activity-dependent, we applied various stimulation paradigms using different frequencies. We found a gradual reduction in PSC amplitudes under repetitive stimulations at 1 Hz for 30 s in neurons transfected with SNAP-29-EGFP (n ϭ 10) (Fig. 5A) , which is similar to that observed under 0.1-Hz stimulation. However, PSCs of the EGFP-transfected group remained constant under the 1-Hz train for 30 s (n ϭ 10). In contrast, the inhibitory effect of SNAP-29 was absent under 0.05-Hz repetitive stimulations (Fig. 5B) . When the last two (at 1 Hz) or five (at 0.05 Hz) PSCs were normalized with the initial two or five PSCs induced by the corresponding repetitive stimuli, a significant difference was observed between the 1-and 0.05-Hz stimulations (p Ͻ 0.01) in the synapses presynaptically transfected with SNAP-29-EGFP, but not in the synapses presynaptically transfected with EGFP (p Ͼ 0.05) (Fig. 5, C and D) .
To determine the possible role of SNAP-29 in synaptic transmission under high frequency stimulation, we examined the effect of SNAP-29 on the response to a 10-Hz, 2-s stimulation train. The ratio of PSC changes (mean initial period PSCs/ mean late period PSCs) in both groups under 10-Hz stimulation was calculated and plotted contemporarily with those under 1-, 0.1-, and 0.05-Hz stimulations (Fig. 5E ). Whereas the ratio of PSC changes was significantly different between groups overexpressing SNAP-29 and EGFP under 1-and 0.1-Hz stimulation (p Ͻ 0.05), the ratio was similar under higher (10-Hz) or lower (0.05-Hz) repetitive firing. Taken together, our results on small central synapses suggest that the effect of SNAP-29 on synaptic transmission occurs in an activitydependent manner with a preferred frequency window for its inhibitory role. This inhibitory role likely occurs in a pattern more complicated than that we previously observed in synapses formed between SCGNs.
Overexpression of SNAP-29 Does Not Change Vesicle Release Probability-It has been hypothesized that the proteins regu- lating the formation of the SNARE core complex and release machinery in presynaptic terminals modify short-term plasticity (25) . Vesicles with different release probabilities may undergo fusion and recycling through different mechanisms (35) . Our previous biochemical studies demonstrated that SNAP-29 is involved in the disassembly of the SNARE complex. Thus, examining any potential effect of SNAP-29 on vesicle release probability is of great interest. In contrast to low and moderate frequency stimulation (Fig. 5, A and B) , PSCs from synapses transfected with either SNAP-29-EGFP or EGFP showed a similarly marked depression during 10-Hz, 2-s repetitive stimulation (Fig. 6, A and B) . No significant difference was observed in the inverted half-decay time between the two groups (p Ͼ 0.05, Fig. 6C ), suggesting that the kinetics of vesicle release under intense synaptic activity were not affected by overexpression of SNAP-29. Furthermore, paired pulse test (36) at different frequencies (5, 10, and 50 Hz) also showed similar depression tendency curves in synapses formed by neurons transfected with SNAP-29-EGFP or EGFP control (Fig. 6D) . To further confirm our electrophysiological results, we next monitored synaptic vesicle fusion and measured the unloading kinetics of the styryl dye FM4-64 (37) using confocal microscopy. All functional presynaptic terminals were loaded with FM4-64 under stimulation with 90 mM KCl followed by unloading with the same high KCl solution (Fig. 3A) . The decay curves of FM4-64 intensity were averaged from 101 presynaptic terminals of 10 SNAP-29-EGFP-transfected neurons and 63 presynaptic terminals of 6 EGFP-transfected neurons (Fig. 6E) . The similarity of the two decay curves suggests that neither vesicle fusion kinetics nor release probability is markedly affected by overexpression of SNAP-29.
Knockdown of SNAP-29 Expression by Small Interfering RNA Increases the Efficiency of Synaptic Transmission during
Repetitive Firing-To further test whether SNAP-29 is involved in modulation of neurotransmitter release in cultured hippocampal neurons, we reduced endogenous SNAP-29 expression at the cellular level with SNAP-29-targeted siRNAs (SNAP-29-siRNAs). Five 21-nt siRNA duplexes specific to the SNAP-29 sequence were constructed into the siRNA expression vector with a GFP marker and tested extensively and rigorously under multiple controls. SNAP-29-siRNA-3, which corresponds specifically to amino acid residues 240 -246 of rat SNAP-29, was selected for the current study because it was able to knockdown efficiently and specifically the expression of exogenously expressed SNAP-29-EGFP in COS-7 cells (Fig.  7A) . To test whether the SNAP-29-siRNA-3 could effectively knockdown endogenous SNAP-29 expression, cultured hippocampal neurons were transfected at DIV 5 with the siRNA expression construct. Cells were immunostained with antibody against SNAP-29 4 days post-transfection. As shown in Fig. 7B , transfection of SNAP-29-siRNA-3 resulted in a significant reduction of endogenous SNAP-29 staining within cGFP-positive neurons compared with that of untransfected neurons in the same image. In contrast, the control siRNA had no effect on the expression of SNAP-29 in transfected cells (data not shown). The specificity of the siRNA was further confirmed by staining syntaxin-1, SNAP-25, and synaptophysin. The SNAP-29-targeted siRNA-3 has no inhibitory effect on the expression of these proteins in neurons (data not shown). The results from hippocampal and COS-7 cells indicate that the SNAP-29-siRNA-3 is able to efficiently and specifically knockdown the expression of both endogenously and exogenously expressed SNAP-29 in mammalian cells.
Our previous and current studies by injection or overexpression of SNAP-29 in presynaptic neurons suggest that SNAP-29 acts as a negative modulator of neurotransmitter release. Thus, reduced expression of endogenous SNAP-29 by siRNA would be expected to relieve its negative effect on vesicle release and consequently increase the efficacy of synaptic transmission during repetitive firing. Because we observed that PSCs from both untransfected and EGFP-transfected synapses remained constant under 0.1 Hz for 15-min stimulations and under 1 Hz for 30-s stimulations (Fig. 5, A and B) , we selected 10 Hz as the stimulation paradigm under which PSCs from control synapses showed a marked depression during 2-s repetitive stimulation (Fig. 6A) . Cultured neurons (DIV 5-7) were transfected with siRNA constructs, and whole-cell dual patch clamp recordings were performed 96 h after transfection from selected synapses in which presynaptic neurons expressed cGFP marker of the siRNA vector. Representative traces recorded under 10-Hz train were shown for each transfection group (Fig. 7C) . Whereas PSCs of both control siRNA and vector groups showed immediate decay under repetitive stimulation, that of the SNAP-29 siRNA group appeared much more steady. Normalized amplitudes of PSCs were plotted against time in different transfection groups (Fig. 7D) . The decay curves of control siRNA and vector-transfected groups exhibited similar depression kinetics. However, the depression of PSCs was significantly slower in the SNAP-29 knockdown group, and facilitation was observed during the first two pulses in the train. The ratio of averaged amplitude of the first two to that of the last two PSCs was calculated as an indicator of the percentage of recycling vesicles being depleted. As shown in Fig. 7E , the ratio of PSC change for the knockdown group . Grouped Student's t test reveals a significant difference between different stimulation paradigms in the later period of recording for the SNAP-29-EGFP-transfected group (p Ͻ 0.01), whereas no difference is observed for the EGFP-transfected group (p Ͼ 0.05). E, the ratio of PSC change was expressed as "mean amplitude of first two PSCs/mean amplitude of last two PSCs" (10 and 1 Hz) or "mean amplitude of first five PSCs/mean amplitude of last five PSCs" (0.1 and 0.05 Hz). Significant difference of changes was observed between the SNAP-29-EGFP-transfected group (n ϭ 12) and EGFP control group (n ϭ 10) under 0.1-and 1-Hz stimulation (**, p Ͻ 0.01, grouped Student's t test), but not under 0.05-and 10-Hz stimulation (p Ͼ 0.05). Each column represents mean Ϯ S.E. p Ͻ 0.05), implicating an up-regulated vesicle turnover mechanism in neurons deficient in SNAP-29. To further confirm this observation, the 500-ms interval recovery stimulation as described in Fig. 4 was given to SNAP-29 knockdown group and control group. The recovered PSC as normalized to the initial PSC in SNAP-29 knockdown group (67 Ϯ 8.7%) was significantly higher than that in the control siRNA group (43 Ϯ 6.4%, p Ͻ 0.05) and the vector control (42 Ϯ 7.0%, p Ͻ 0.05) (Fig. 7F) , indicating a more efficient nature of vesicle turnover in SNAP-29 knockdown neurons. Our results from the siRNA knockdown approach are consistent with observations taken from previous and current studies using injection and overexpression of SNAP-29 and further suggest that SNAP-29 is a negative modulator of synaptic transmission, probably by slowing recycling of the SNARE-based fusion machinery and synaptic vesicle turnover.
DISCUSSION
Many proteins in the presynaptic terminal, including the synapsins (38) and RIM1␣ (39) , have been reported to play regulatory roles in neurotransmitter release and thereby contribute to various forms of presynaptic plasticity. In the present study, we investigated the role of a recently identified protein, SNAP-29, in modulation of synaptic transmission and vesicle recycling in cultured rat hippocampal neurons. Previous biochemical studies suggest that SNAP-29 competes with ␣-SNAP for binding to syntaxin-1A, thereby inhibiting disassembly of the SNARE complex. The activity-dependent inhibition of synaptic transmission in cultured SCGNs further implicates a potential regulatory role in synaptic vesicle recycling. Here, we took advantage of small central synapses, which have a limited vesicle supply and rely heavily on vesicle recycling to sustain repetitive synaptic activity (40) . Our study demonstrates that overexpression of SNAP-29 inhibits sustained synaptic transmission within a specific frequency window (0.1-1 Hz) and that the impairment in transmission was not caused by an intrinsic defect in basal synaptic function, but rather a defect in synaptic vesicle turnover. Furthermore, reduced expression of endogenous SNAP-29 using siRNA significantly enhances the efficacy of synaptic transmission under repetitive stimulation.
The restricted inhibitory role of overexpressed SNAP-29 that we observed in cultured hippocampal neurons implies that vesicle recycling may be regulated differently under different stimulation frequencies. It has been suggested that only vesicles in the recycling pool in the vicinity of the active zone are involved in transmitter release under low frequency repetitive stimulation, whereas vesicles in the reserve pool are mobilized only after strong stimulations such as high K ϩ or high frequency trains. Our findings that overexpression of SNAP-29 inhibits synaptic activity at 0.1 and 1 Hz, but not at 10 Hz, suggest that SNAP-29 acts as a modulator for rapid recruitment of vesicles from the recycling pool. After both 0.1-and 1-Hz stimulations, overexpressed SNAP-29-induced inhibition occurred in an especially rapid manner, implying that there are only few release-ready vesicles docked at these active zones in cultured hippocampal neurons. This is in accordance with previous optical studies, which demonstrated that ϳ2-6 vesicles are docked at small boutons and that no more than 20 vesicles are docked at large ones (3) (4) . Thus, vesicles available for recycling are limited. The hippocampal neurons used in this study were at age DIV 8 -11, at which presynaptic boutons are unlikely to be fully mature. Thus, the release-ready vesicles are quickly depleted under relatively low frequencies of stimula- . Grouped Student's t test reveals no significant difference between the two groups under all stimulation paradigms. E, the destaining kinetic curves of FM4-64 taken up by presynaptic terminals expressing SNAP-29-EGFP (blue) and EGFP (green) in the presence of 90 mM KCl. Normalized fluorescence intensities were plotted against time (in seconds). Real-time imaging by confocal microscopy did not reveal significant differences in destaining kinetics between the two groups. As a control, the styryl dye did not bleach under repetitive laser scanning without high K ϩ stimulation (black).
tion. An immediate replenishment of release-ready vesicles from the recycling pool is critical for efficient synaptic transmission during repetitive synaptic activity. It is presently believed that SNARE complex dissociation and vesicle budding could be directly coupled (41) . The cis-SNARE complexes are likely dissociated immediately after fusion to permit the direct recycling and specific uptake of the vesicle-associated SNARE into budding vesicle. The priming step of docked vesicles corresponds to the assembly of the trans-SNARE complex by active (dissociated) cognate SNAREs. Our previous biochemical studies suggested an inhibitory role for SNAP-29 on synaptic transmission by slowing recycling of the SNARE core complex. SNAP-29 competes with ␣-SNAP for binding to the SNARE protein syntaxin and consequently inhibits the disassembly of the SNARE complex by N-ethylmaleimide-sensitive factor after fusion (29) . Given the presence of enriched target membrane Each data point represents mean Ϯ S.E. E, ratio of PSC change was calculated as the mean amplitudes of the first two traces/mean amplitudes of the last two traces. Wilcoxon rank-sum test reveals a significant reduction in the ratio of PSC change in the SNAP-29-siRNA group as compared with the control siRNA group and vector group (both p Ͻ 0.05). Each column represents mean Ϯ S.E. F, stimuli testing vesicle turnover rate are given as illustrated in Fig. 4, A and B . Amplitude of the PSC in response to the test stimulus was normalized to that of its initial PSC recorded in the train for all three groups. Grouped Student's t test reveals significant differences (p Ͻ 0.05) between the SNAP-29 knockdown group and its two control groups.
SNAREs (syntaxin-1A and SNAP-25) at the presynaptic targeting membrane, the observed impairment of exocytosis was most likely the result of a deficiency of free vesicle-associated SNAREs (VAMP) on recycling-competent synaptic vesicles. However, vesicle recycling differs under intensive stimulation, such as a 10-Hz train and high K ϩ . Under these conditions, vesicles in the reserve pool quickly mobilize to replenish the recycling pool in order to meet the needs of sustained transmitter release. We hypothesize that more free or active vesicleassociated SNAREs carried by recycling vesicles from the reserve pool are recruited to replenish VAMP/synaptobrevin at the active zone and facilitate the priming of the docked vesicles. This assumption is consistent with our observation that presynaptic neurotransmitter release was unaffected by overexpression of SNAP-29 during intensively repetitive stimulation. The results that low frequency activity (0.05 Hz) was not affected by SNAP-29 ( Fig. 5) and that synaptic depression can be fully rescued under 8-s interval recovery test suggest that the inhibition was, to some extent, reversible.
Release probability is critically dependent on the size of the readily releasable pool (42) (43) (44) and is closely related to the number of recycling vesicles present during firing at 10-Hz stimulation in hippocampal neurons (45). Thus, the efficiency of vesicle turnover in the presynaptic terminal and recycling of the SNARE proteins after fusion would make a significant contribution to the efficacy of synaptic transmission under repetitive stimulation. Although overexpression of SNAP-29 in hippocampal neurons revealed no statistically significant difference in depression kinetics under 10-Hz stimulation, knockdown of endogenous SNAP-29 by siRNA slowed depression of synaptic responses, suggesting that this protein plays an inhibitory role in vesicle turnover under physiological conditions. These observations are in perfect accordance with our previous biochemical findings that SNAP-29 inhibits SNARE complex disassembly (29) . A deficiency of SNAP-29 in neurons would allow the efficient dissociation of the SNARE core complex following fusion to occur, consequently speeding up the recycling of the SNARE proteins and turnover of synaptic vesicles, resulting in an increased pool size of release-ready vesicles. Thus, our studies with SNAP-29-targeted siRNA suggest that certain amounts of endogenous SNAP-29 localized in synapses are sufficient in regulating synaptic vesicle turnover and shortterm plasticity in mammalian central nervous system.
Our observation that overexpressed SNAP-29 inhibits synaptic transmission at frequencies of 0.1 and 1 Hz could be due to impaired turnover of synaptic vesicles and/or the fusion machinery; however, one cannot exclude the possibility that impairment could be caused by a SNAP-29-induced reduction in presynaptic N-or P/Q-calcium channel-mediated calcium transients at the nerve terminals. It has been well documented in the literature that syntaxin-1A interacts with N-and P/Qtype calcium channels through a channel motif termed the "synprint" site (46, 47) and influences the synchronous transmitter release by changing the inactivation kinetics of these calcium channels (48, 49) . However, our studies clearly show that the inhibitory effect of overexpressed SNAP-29 does not coincide with the calcium influx required for excitation-secretion coupling but rather is confined to a specific frequency window of synaptic activity (Fig. 5E ). As shown in Fig. 2 , E and F, overexpression of SNAP-29 in neurons does not affect basal synaptic transmission. In addition, neither vesicle fusion kinetics nor release probability is affected by overexpression of SNAP-29. Taken together, our results well argue against the possibility that the observed effect of overexpressed SNAP-29 on synaptic transmission could have resulted from modulation of calcium channel inactivation.
Due to their specific structural characteristics, different synapses may utilize different mechanisms to regulate synaptic efficacy (50) . For example, at the neuromuscular junction, the same stimulus protocol yields quite different results compared with those observed in the present study, possibly due to profuse vesicles docked at neuromuscular junction terminals, making depletion less likely. The present study using hippocampal synapses complements our previous results with rat SCGNs and helps us to better understand the role of SNAP-29 in different brain regions. In addition, our studies may have implications for a molecular mechanism to correlate recycling processes of SNARE-based fusion machinery with turnover of synaptic vesicles under repetitive synaptic activity. However, several key questions remain to be addressed. Does the recycling of the SNARE proteins remain unchanged while vesicle recycling is impaired and vice versa? Does the SNARE complex undergo dissociation in fusion models such as "kiss-and-run" and "kiss-and-stay" (35) ? Are synaptic vesicle recycling and activation of the SNAREs or dissociation of cis-SNARE complex coupled and, if so, are they regulated differently under different stimulation conditions? Addressing these questions will provide insights into the regulation of synaptic vesicle turnover and shed new light on our understanding of presynaptic mechanisms for modulating synaptic efficacy.
